Abstract: The performance of ESPRIT in direction of arrival estimation at linear array monopole antennas operating at 2.4 GHz is investigated. The mutual coupling that occurs between elements of the array is compensated for by using two techniques. The first technique is the open-circuit voltage method and the second method involves redefining the mutual impedance so that it can characterise the mutual coupling effect. The calculation of the redefined mutual impedance is based on an estimate at the current distribution. The redefined mutual impedance is more accurate than the conventional mutual impedance in quantifying the mutual coupling. Simulation results show that the second compensation approach gives a much more accurate estimation of the directions of arrival than the open circuit voltage compensation approach when two signals are placed close together.
Introduction
In recent years, adaptive array antenna technology has been increasingly used in mobile communication systems. It has been shown that the performance of an adaptive antenna array is strongly affected by mutual coupling between elements of the antenna array. This effect has been studied by many researchers [1] [2] [3] [4] [5] . Gupta and Ksieuski [1] investigated the performance of a linear array with mutual coupling being taken in account. They developed an expression for the linear array by considering the N-element array as a (N+1) terminal linear bilateral network responding to an outside source and obtained a relationship between the open-circuit voltage (OCV) and the actual voltage at the terminals of the dipole elements. The direction of arrival (DOA) the linear arrays it was shared by Leou and Yeh [2] who employed the open-circuit method and analysed two approaches to compensate the mutual coupling effects. Himed and Weiner [3] used a method proposed in [1] to compensate for the mutual coupling effect in direction finding. However, they failed to account for the effect of the compensation process on the noise. Subsequent studies in [4] and [5] revealed that the OCV method fails to take into account the scattering effect due to the presence of other antenna elements in the array.
Recently, Hui [6] studied the performance of the estimation of the DOA in a linear array by proposing a method for the compensation of the mutual coupling effect and was able to provide an attractive solution to the problem for the case of a uniform linear antenna array. The solution is based on redefining the mutual impedance matrix scheme used to calculate the mutual coupling effect between each element. With redefined mutual impedances, the performance of the array antennas in searching for the directions of arrival of multiple-signals was significantly improved.
Many array signal-processing algorithms have been used to estimate the directions of arrival of multiple narrow-band plane waves from data measured in using array antennas. There is an increasing interest in high-resolution eigenstructure techniques for DOA estimation in adaptive antenna arrays. ESPRIT is one of the high-resolution DOA algorithm that is commonly used in adaptive arrays [7] . Unlike MUSIC, ESPRIT reinduces a much smaller computational burden and hence has a smaller memory requirement. It also does not involve an exhaustive searching procedure [8] .
In this current work, the performance of ESPRIT for DOA estimation under two mutual coupling compensation approaches: (i) the OCV method; and (ii) the compensation method proposed in [6] are investigated.
Compensation methods and their use in simulation studies
In this work, the method of moments [9] is used to model the antenna array and calculate the actual voltages induced at the antenna terminals when mutual couplings are considered.
The inputs to ESPRIT algorithm include: (i) the actual voltages including the mutual coupling effect; (ii) the compensated voltages obtained from the OCV compensation method; and (iii) the compensated voltages obtained from the compensation method of [6] . To demonstrate the performance of the ESPRIT algorithm in conjunction with the two compensation methods, computer simulations were performed with a seven-monopole array, as shown in Fig. 1 and Fig. 2 Table 1 . The array is used to detect the azimuthal arriving angles of the two signals.
In the eigenstructure method when the signal sources are incoherent the signal and noise subspaces are obtained from the covariance matrix. For a coherent signal source environment, the covariance matrix cannot reflect the signal and noise subspaces. Using the spatial smoothing technique [10] , the coherent sources are decorrelated and the signal and noise subspace are reconstructed. Unlike MUSIC, ESPRIT does not need a preprocessing scheme to decorrelate the coherent sources.
In the present work, we study three cases in which the two coherent signals are closely spaced. In the first example, the two signals are coming from the azimuth angles of f ¼ 901 and f ¼ 971. The ESPRIT detection results obtained using the two compensation methods are listed in Table 2 . One can see that the estimated directions of arrival obtained using the compensation method of [6] are more accurate than those obtained using the OCV compensation method. The errors produced by the compensation method of [6] are smaller than those produced by the OCV compensation method. If the uncompensated voltages are directly fed into the ESPRIT algorithm, one can see that it almost fails to detect the DOA of signal 2, indicating the significant influence of the mutual coupling effect. In the second example, we decrease the difference between the incoming signal directions of arrival to f ¼ 901 and f ¼ 951 and examine the effect of mutual coupling on the high resolution capability of the ESPRIT algorithm. The detection results for this case are listed in Table 3 . It can be seen that the errors produced by using the OCV compensation method are significant. These results indicate that the method proposed by [6] for the compensation of the mutual coupling is more effective that the OCV compensation method. In the third example, the difference between the two incoming signal directions of arrival is further decreased to f ¼ 901 and f ¼ 931. The detection results for this case are listed in Table 4 . It can be seen that the errors produced by using the OCV compensation method are much bigger than the ones produced by using the method of [6] . In this example, the detection results using uncompensated voltages and the OCV compensation method completely fail to detect the DOA of signal 2. In addition, from the three examples stated above, it can also be seen that although ESPRIT is capable of producing high resolution estimations of directions of arrival, the mutual coupling effect has to be taken into account before the algorithm is used and the accuracy of its detection is highly dependent on the effectiveness of the method used to compensate for the mutual coupling effect. 
Conclusions
The DOA estimation under two mutual coupling compensation approaches: (i) the OCV method; and (ii) the method proposed in [6] have been investigated using ESPRIT. The results indicate that the compensation method proposed in [6] is more effective than that the OCV compensation method. Moreover, using the ESPRIT algorithm with the compensation method of [6] the directions of arrival of two closely spaced signal sources can be estimated with a high accuracy.
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